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We present a comprehensive analysis of deep inelastic scattering from 3He and 3H, focusing in particular on
the extraction of the free neutron structure function F2
n
. Nuclear corrections are shown to cancel to within
1–2% for the isospin-weighted ratio of 3He to 3H structure functions, which leads to more than an order of
magnitude improvement in the current uncertainty in the neutron to proton ratio F2
n/F2
p at large x. Theoretical
uncertainties originating from the nuclear wave function, including possible non-nucleonic components, are
evaluated. Measurements of the 3He and 3H structure functions will, in addition, determine the magnitude of
the EMC effect in all A<3 nuclei.
DOI: 10.1103/PhysRevC.68.035201 PACS number~s!: 13.60.Hb, 21.45.1v, 14.20.DhI. INTRODUCTION
It is a somewhat anomalous situation whereby the nuclear
effects in deep inelastic scattering ~DIS! from few-nucleon
systems, for which the theoretical descriptions are most eas-
ily tractable, namely the deuteron, helium-3, and tritium, are
the least well known experimentally. For example, the
nuclear EMC effect has been extensively studied for 4,A
&200 @1#; but 20 years after the original EMC observation
@2# of nucleon structure function modification in medium, it
is still not known for A52 or 3 systems.
The lack of knowledge of the EMC effect in A,4 nuclei
has been a major obstacle to a complete description of the
nucleon structure functions themselves. The distribution of
valence u and d quarks in the proton can be determined from
any two observables containing linear combinations of u and
d quarks, which are usually taken to be the proton and neu-
tron structure functions F2
p and F2
n
. While the proton struc-
ture function is quite well constrained for light-cone momen-
tum fractions x5Q2/2Mn&0.8, the neutron F2n is usually
extracted from data on deuterium, however, beyond x;0.5
the large nuclear corrections can result in uncertainties of up
to ;50% in F2n/F2p @3–7#. Here, Q2 is minus the photon
virtuality and n its energy, while M is the nucleon mass.
Inclusive proton and deuteron data, which have been almost
exclusively been used to constrain the d/u ratio, are there-
fore unreliable for determining the neutron structure function
beyond x;0.5, and other methods must be sought.
Several alternatives for obtaining an independent linear
combination of u and d quark distributions have been dis-
cussed recently, which could minimize or avoid the problem
of nuclear corrections. These include flavor tagging in semi-
inclusive scattering from hydrogen, in which p6 production
at large z selects u and d quarks, respectively @7#, and parity-0556-2813/2003/68~3!/035201~17!/$20.00 68 0352violating eW p scattering, for which the left-right polarization
asymmetry arising from the g*-Z interference is, at leading
order, proportional to d/u @8#. Other proposals have utilized
the weak charged current to couple preferentially either u or
d flavors, for example asymmetries in W-boson production in
pp and pp¯ collisions @9# at Fermilab or RHIC, or charged
current e1p deep inelastic scattering at HERA @10#. One of
the more promising techniques appears to be the semi-
inclusive DIS from a deuterium target, with coincidence de-
tection of a low momentum spectator proton in the target
fragmentation region, which maximizes the likelihood of
scattering from a nearly on-shell neutron @11,12#.
In this paper we focus on a novel idea which would nei-
ther be subject to the low rates associated with weak current
reactions nor rely on the validity of factorization of target
and current hadrons in the final state in semi-inclusive scat-
tering. It involves maximally exploiting the mirror symmetry
of A53 nuclei to extract the F2
n/F2
p ratio from the ratio of
3He/3H F2 structure functions @13#. Differences in the rela-
tive size of nuclear effects in 3He and 3H are quite small—
essentially on the scale of charge-symmetry breaking in
nuclei—even though the absolute size of the EMC effect in
an A53 nucleus can be relatively large. Preliminary results
for the expected errors in the extraction have been presented
in Ref. @14#. ~See also Ref. @15#.! Here, we discuss in detail
the possible theoretical uncertainties associated with nuclear
effects in three-body nuclei and experimental considerations
relevant for a clean measurement of the 3He/ 3H structure
function ratio. Some of the latter have been summarized in
Ref. @16#. In particular, we consider effects of different
nuclear wave functions, charge-symmetry breaking, finite-Q2
corrections, as well as non-nucleonic degrees of freedom,
such as six-quark clusters, and explicit nucleon off-shell ef-
fects.©2003 The American Physical Society01-1
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the free-neutron structure function in the hitherto unexplored
kinematic region at large x, and outline the extraction of F2
n
from the F2
3He and F2
3H structure functions. A detailed discus-
sion on the theoretical framework and the nuclear spectral
functions is presented in Sec. III. As well as allowing for a
relatively clean extraction of the F2
n/F2
p ratio, deep inelastic
scattering from 3He/3H can also provide the first indications
of the absolute size of the EMC effect in A53 nuclei. With
the exception of the recent HERMES data @17# at lower x
and Q2 on the ratio of 3He to p and d cross sections, all
existing data on the nuclear EMC effect are for A>4. Pre-
dictions for the EMC ratios in 3He and 3H based on the
conventional nuclear descriptions are discussed in Sec. III.
The sensitivity of the extracted F2
n to nuclear effects is
dealt with in detail in Sec. IV, where in addition to conven-
tional nuclear models of the A53 system in terms of well-
known three-body wave functions, we examine more specu-
lative models, including those involving explicit non-nucleon
degrees of freedom, in order to assess the possible model
dependence of the extraction. We find that for all models
which are known to be consistent with standard nuclear phe-
nomenology, the nuclear effects in the ratio of the EMC ef-
fects in 3He and 3H cancel to within 1–2 % for x&0.8. In
Sec. V, we calculate the expected rates at which the 3He and
3H cross sections can be determined experimentally at future
facilities, such as Jefferson Lab with 12 GeV electron energy.
Finally, we summarize our findings in Sec. VI.
II. NEUTRON STRUCTURE FUNCTION
AND THE A˜3 SYSTEM
In this section, we outline the theoretical motivation for
determining precisely the neutron structure function at large
x, and describe in detail the method proposed to extract F2
n
from deep inelastic 3He and 3H structure functions.
A. Neutron structure and spin-flavor symmetry breaking
An accurate determination of the neutron structure func-
tion F2
n is essential for pinning down the momentum depen-
dence of both the u and d quarks in the nucleon. While the u
quark distribution in the proton is relatively well determined
by the proton F2 data, the d/u ratio at large x is, at leading
order, usually extracted from a ratio of the neutron to proton
structure functions:
F2
n
F2
p 5
114d/u
41d/u . ~1!
According to SU~6! symmetry one would expect that u
52d for all x, so that F2
n/F2
p52/3, although the data have for
a long time been known to deviate strongly from this naive
expectation beyond x;0.4. A number of different nonpertur-
bative mechanisms have been suggested @18–25# which
break SU~6! symmetry, and most have been able to fit the
data in the region of x where n/p can be reliably extracted.03520On the other hand, the x→1 behavior of F2n/F2p predicted
by the various models depends rather strongly on the as-
sumed dynamics responsible for the symmetry breaking. In
particular, whether the suppression of the d quark at large x is
due to suppression of helicity antialigned quarks in the pro-
ton or nonperturbative interactions which raise the energy of
the scalar-isoscalar diquark components of the proton wave
function, the x→1 limit of F2n/F2p can vary from 1/4 @18,19#
up to 3/7 @23#. Theoretical uncertainties in the currently ex-
tracted F2
n at large x are comparable to the differences be-
tween the x→1 behaviors. In particular, whether one cor-
rects for Fermi motion and binding in the deuteron @6#, or
Fermi motion alone @26,27#, the extracted F2
n can appear to
approach either of the predicted limits, as shown in Fig. 1.
~This is reminiscent of the large deuteron wave function
model dependence of the extracted neutron electric form fac-
tor @28#.!
Apart from testing nonperturbative QCD dynamics, a very
practical reason for determining large-x distributions is the
need to precisely constrain the input distributions for calcu-
lations of cross sections at high energy colliders. Uncertain-
ties in parton distributions at large x and modest Q2 translate
via perturbative QCD evolution into uncertainties at high Q2
at lower x. This was demonstrated recently by the so-called
HERA anomaly @29#, in which the apparent excess of events
at x;0.6 and Q2;30 000 GeV2, which triggered specula-
tion about evidence of leptoquarks, could be largely ex-
plained by a small modification in the input valence distri-
butions at x;0.8 @30–32#.
FIG. 1. Neutron to proton ratio, extracted from inclusive proton
and deuteron inelastic data, correcting for the effects of Fermi mo-
tion and nuclear binding ~Melnitchouk and Thomas @6#!, Fermi mo-
tion only ~Bodek et al. @27#!, and using the density extrapolation
model ~Whitlow et al. @3#!.1-2
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extracting the free-neutron structure function from measured
cross sections. While extracting F2
n from nuclear cross sec-
tions at large x does require knowledge of the nuclear EMC
effect, it turns out that F2
n extracted from the ratio of deep
inelastic 3He and 3H cross sections is, within the likely ex-
perimental errors, almost completely independent of the
nuclear corrections.
B. Extraction of F2
n from A˜3 mirror nuclei
Because the magnitude of the nuclear EMC effect in-
creases with the binding energy ~or mass number A), light
nuclei are naturally best suited for playing the role of effec-
tive neutron targets. Ideally, one should consider systems
which maximize the symmetry between the binding effects
on the proton and neutron. By comparing the effective
‘‘structure function’’ of a bound proton with the free-proton
structure function F2
p ~see Ref. @33# for a detailed discussion
about the definition of bound nucleon structure functions!,
one can infer the nuclear correction that must be applied to
obtain the free neutron F2
n from the bound neutron structure
function. Unfortunately, the lightest system—the
deuteron—is isoscalar, so that the proton and neutron infor-
mation cannot be separated through inclusive scattering
alone.
The three-nucleon system, on the other hand, offers a
unique opportunity for isolating the nuclear effects for both
the bound proton and the bound neutron with totally inclu-
sive scattering. In a charge-symmetric world the properties
of a proton ~neutron! bound in a 3He nucleus would be iden-
tical to that of a neutron ~proton! bound in 3H. If, in addi-
tion, the proton and neutron distributions in 3He ~and in 3H)
were identical, the neutron structure function could be ex-
tracted with no nuclear corrections, regardless of the size of
the EMC effect in 3He or 3H separately.
In practice, 3He and 3H are of course not perfect mirror
nuclei—their binding energies for instance differ by
;10%—and the p and n distributions are not quite identical.
However, the A53 system has been studied for many years,
and modern realistic A53 wave functions are known to a
rather good accuracy. In a self-consistent framework one can
use the same NN interaction to describe the two-nucleon
system (NN scattering, deuteron form factors, quasielastic
eD scattering, etc.! as well as to provide the basic input
interaction into the three-nucleon calculation. Therefore, the
wave functions can be tested against a large array of observ-
ables which put rather strong constraints on the models.
We start by defining the EMC-type ratios for the 3He and
3H structure functions ~weighted by corresponding isospin
factors!:
R~3He!5
F2
3He
2F2
p1F2
n
, ~2!
R~3H!5
F2
3H
F2
p12F2
n
. ~3!03520The ratio of these,
R5 R~
3He!
R~3H!
, ~4!
can be inverted to yield the ratio of free neutron to proton
structure functions,
F2
n
F2
p 5
2R2F2
3He/F2
3H
2F2
3He/F2
3H2R
. ~5!
If the neutron and proton distributions in the A53 nuclei
are not dramatically different, one might expect R’1. We
stress that F2
n/F2
p extracted from Eq. ~5! does not depend on
the size of the EMC effect in 3He or 3H, but rather only on
the ratio of EMC effects in 3He and 3H. In the following
sections, we show that while the variation in the A53 EMC
effect can be up to 5% at large x, the deviation from unity of
the ratio R is typically less than 1%, and is essentially inde-
pendent of the model wave function.
III. DEEP INELASTIC SCATTERING FROM A˜3 NUCLEI
In this section we outline the theoretical framework used
to describe deep inelastic structure functions from nuclei in
terms of nucleonic degrees of freedom. Corrections to this
approach will be discussed in Sec. IV.
A. Impulse approximation
The standard framework within which nucleon Fermi mo-
tion and the binding effects are described in deep inelastic
scattering from a nucleus at large x (x*0.4) is the nuclear
impulse approximation, in which the virtual photon scatters
incoherently from individual nucleons in the nucleon. Earlier
calculations of the EMC effect in A53 nuclei within this
approach were reported in Ref. @34#.
The nuclear cross section is calculated by factorizing the
g*-nucleus interaction into g*-nucleon and nucleon-nucleus
amplitudes. In the absence of relativistic and nucleon off-
shell corrections @33,35,36,38# ~which for the deuteron were
shown @39# to be negligible, and which are also expected to
be small for A53), the nuclear structure function can then
be calculated by smearing the nucleon structure function
with a nucleon momentum distribution in the nucleus @40#.
Corrections to the impulse approximation appear in the
guise of final state interactions ~interactions between the
nucleon debris and recoil nucleus remnants!, multiple rescat-
tering of the virtual photon from more than one nucleon, as
well as scattering from possible non-nucleonic constituents
in the nucleus. The rescattering corrections are known to be
important at small x, giving rise to nuclear shadowing for x
&0.1 @41#, while meson-exchange currents ~at least for the
case of the deuteron! give rise to antishadowing at small x
@42,43#. Although there is strong evidence for a role for vir-
tual D’s in polarized deep inelastic scattering on 3He @37#,
there is as yet no firm evidence of a role for non-nucleonic
degrees of freedom in unpolarized, nuclear deep inelastic
scattering.1-3
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&0.9, the structure function F2
A of a nucleus with mass num-
ber A can be written ~to order p2/M 2 in the nucleon momen-
tum! as
F2
A~x ,Q2!5E d4pS 11 pzp0D S~p !F~p ,Q2!F2N~x/y ,Q2,p2!,
~6!
where p is the momentum of the bound nucleon, y5(p0
1pz)/M is the light-cone fraction of the nuclear momentum
carried by the nucleon, and S(p) is the nucleon spectral
function ~see Sec. III B below!. The kinematic factor F con-
tains finite-Q2 corrections @44#,
F5S 11 4M pzx2ryQ2 D
2
2~2p22pz
2!
r2x2
y2Q2
, ~7!
where r5n/uqW u51/A114M 2x2/Q2, and n and uqW u being the
energy and the three-momentum transfer, respectively, so
that F→1 as Q2→‘ . The function F2N is the structure func-
tion of the bound ~off-shell! nucleon, which in general de-
pends on the nucleon virtuality, p2ÞM 2. For nonrelativistic
systems, and away from the very large-y region, the nucleon
will not be very far off-shell, so that F2
N can be well approxi-
mated by the free-nucleon structure function ~although in the
numerical results below, we will consider the sensitivity of
our results to the p2 dependence of F2
N). If F2N is indepen-
dent of p2, one can factorize this from the rest of the inte-
grand in Eq. ~6!, which enables one to write a simple con-
volution formula for the nuclear structure function,
F2
A~x ,Q2!5E
x
A
dy f ~y ,Q2! F2N~x/y ,Q2![ f ^ F2N , ~8!
where the function f (y ,Q2) gives the light-cone distribution
of nucleons in the nucleus, and is related to the nucleon
spectral function S(p) by
f ~y ,Q2!5E d4pS 11 pzp0D dS y2 p01pzM D S~p !F~p ,Q2!.
~9!
In the limit Q2→‘ , the function f (y ,Q2) reduces to the
familiar Q2 independent function
f ~y !52pMyE
Emin
dEE
pmin(y ,E)
‘
dupW uupW uS~p !, ~10!
where E is the separation energy, and where the lower limit
on the p integration is given by @45#
pmin~y ,E !5
1
2 Uz212M A21* zz1M A21* U , ~11!
with z5M (12y)2E and M A21* is the mass of the ~possibly
excited! residual nucleus.03520The derivation of the impulse approximation expressions
requires knowledge of the struck nucleon’s off shellness, i.e.,
the dependence of the nucleon structure function on the vir-
tuality of the struck nucleon. Although a complete treatment
of off-shell effects can only be given within a fully relativ-
istic description of nuclear dynamics, model calculations ex-
ist which can estimate these corrections for DIS from both
the deuteron and the complex nuclei. Off-shell effects can be
described within a formalism which introduces corrections to
the convolution formula of Eq. ~8!. However, as explained
below, although their influence is felt mostly at large x, the
ultimate effect on the extraction of the F2
n/F2
p ratio from the
ratio R is rather small. Note that some authors write the flux
factor (11pz /p0) in Eq. ~6! as (11pz /M ) @46# or as (p0
1pz)/M @45#. To the order in which we work, these are in
fact equivalent and constitute small corrections numerically.
A further simplification of Eq. ~8! can be made by observ-
ing that the nucleon momentum distributions f (y) are
strongly peaked about y51, so that by expanding the
nucleon structure function about this point one can obtain
approximate expressions for the nuclear structure functions
in terms of average separation and kinematic energies. Keep-
ing terms up to order p2/M 2 ~note that E is of order p2/2M )
one finds
F2
A~x ,Q2!’F2N~x ,Q2!1x
]F2
N~x ,Q2!
]x
^E&1^TR&
M
1x2
]2F2
N~x ,Q2!
]x2
^T&
3M , ~12!
where
^E&5E d4pE S~p !, ~13!
^T&5E d4p pW 22M S~p !, ~14!
^TR&5E d4p pW 22M A21* S~p ! ~15!
are the average separation, and kinetic and spectator recoil
energies, respectively. Such an expansion will be useful in
the following section in identifying the physical origin of the
various contributions affecting the EMC ratios. For example,
as we discuss in Sec. II E, the value of ^E& determines the
position of the peak in the function f (y).
For the specific case of an A53 nucleus, calculation of
the nuclear structure function amounts to determining the
nucleon spectral function from the three-body nuclear wave
function. The details are discussed in the following section,
where we present two distinct and independent approaches:
one by solving the homogeneous Faddeev equation with a
given two-body interaction @47# and the other by using a
variational technique @48,49#. In terms of the proton and neu-
tron momentum distributions in 3He, the nuclear structure
function is given by1-4
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3He52 f p/3He^ F2p1 f n/3He^ F2n . ~16!
Similarly for 3H, the structure function is evaluated from the
proton and neutron momentum distributions in 3H:
F2
3H5 f p/3H^ F2p12 f n/3H^ F2n . ~17!
The proton and neutron distributions in 3H can be related to
those in 3He according to
f n/3H5 f p/3He1D f p[ f p1D f p , ~18!
f p/3H5 f n/3He1D f n[ f n1D f n . ~19!
Because charge-symmetry breaking effects in nuclei are
quite small, one can usually assume that D f p’D f n’0, al-
though in practice we consider both charge-symmetric and
charge-symmetry breaking cases explicitly.
B. Three-nucleon spectral function
Calculations of the structure functions of A53 nuclei can
be performed by using realistic three-body spectral func-
tions. In this section we first describe the relevant features of
the spectral functions which determine the behavior of
nuclear effects in DIS, following which we outline two dif-
ferent methods of computing the three-nucleon wave func-
tion, namely, via the Faddeev equations @47,50,51# and the
variational approach @48,49#.
To simplify the problem both theoretically and numeri-
cally, we will in the first instance consider the three-nucleon
system with exact charge symmetry, so that both the 3H and
3He wave functions can be calculated simultaneously. The
Coulomb interaction will of course modify the wave func-
tions slightly through explicit charge-symmetry breaking ef-
fects, giving rise to the difference between 3H and 3He bind-
ing energies. We subsequently examine the effects of the
binding energy on the structure functions.
The models we consider are based on two-body interac-
tions. Possible three-body forces do not provide any signifi-
cant improvement in the quality of the results, and are con-
siderably more difficult to take into account. For the charge-
symmetric case, one can treat 3He and 3H as members of an
exact isospin doublet.
The nucleon spectral function is the joint probability of
finding a nucleon in the nucleus A, with three-momentum pW
and removal energy E. If at the values of momentum and
energy transfer considered the outgoing nucleon’s motion is
described by a plane wave, the spectral function can be writ-
ten as the sum of the momentum densities for each final
state:
S~p !5
1
~2p!3
(f U E d3reipW rWG f o~rW !U
2
dE2~E2f 2E3!,
~20!
where E2
f and E3 are the values of the total energy of the the
two-nucleon spectator system and of the initial nucleus, re-
spectively; G f o(rW) is the overlap between the initial and final03520wave functions in coordinate space, with the A21 ~specta-
tor! system being described in terms of a complete set of
final states. The spectral function is normalized according to
E d4pS~p !51. ~21!
Integrating the spectral function over the energy defines the
nucleon momentum distribution in the nucleus:
E dES~p ,E !5n~p !. ~22!
There are, in general, two processes which can contribute to
deep inelastic scattering from 3He: ~i! two-body breakup
~with a deuteron d in the final state! and ~ii! three-body
breakup, pn and pp; analogously, for 3H one has ~i! two-
body breakup (d) and ~ii! three-body breakup, np and pp .
We write the spectral functions for the two nuclei, distin-
guishing between scattering from proton and neutron, as
S3He ~p !5 23 Sp/3He~p !1 13 Sn/3He~p !, ~23!
S3H ~p !5 13 Sp/3H~p !1 23 Sn/3H~p !, ~24!
where, in analogy with Eqs. ~18! and ~19!, the proton and
neutron spectral functions in 3He and 3H are related by
Sp/3He~p !5Sn/3H~p ![Sp~p !1DSp~p !, ~25!
Sn/3He~p !5Sp/3H~p ![Sn~p !1DSp~p !, ~26!
with the terms DSp ,n(p) representing explicit isospin sym-
metry breaking corrections.
By breaking down the spectral functions into contribu-
tions corresponding to two-body and three-body final states,
one has
Sp~p !5Sp
(2)~p !1Sp
(3)~p !, ~27!
Sn~p ![Sn
(3)~p !, ~28!
where Sp
(2) and Sp
(3) represent the contributions to the proton
spectral function from a deuteron and the np breakup final
states, while for the neutron spectral function only the pp
final state contributes. In terms of these components, the av-
erage separation and kinetic energies can be written as
^E&5
2
3E d4p@Sp(2)~p !1Sp(3)~p !#E1 13E d4pSn~p !E
5
2
3 ^Ep
(2)&1
1
3 ~2^Ep
(3)&1^En&!, ~29!
^T&5
2
3E d4p@Sp(2)~p !1Sp(3)~p !# p
2
2M 1
1
3E d4pSn~p ! p
2
2M
5
2
3 ^Tp
(2)&1
1
3 ~2^Tp
(3)&1^Tn&!. ~30!1-5
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of the normalizations for the two-body and three-body
breakup spectral functions N p(2) and N p(3) as
15
2
3E d4p~Sp(2)~p !1Sp(3)~p !!1 13E d4pSn~p !
5
2
3 ~N p
(d)1N p(np)!1
1
3 . ~31!
In summary, we have shown the features of the spectral
function S(p) and of the light-cone function f (y), which
determine the behavior of the nuclear corrections to the deep
inelastic structure functions at x>0.2. While details of the
short range structure could be important in determining the
behavior at very large x, for x<0.6–0.7 the nuclear modifi-
cations are determined by the values of the average removal
and kinetic energies and, therefore, only loosely related to
the detailed structure of the spectral function. Thus, we can
safely state that nuclear effects are under control.
Having developed the formalism, in the following we de-
scribe the evaluation of the spectral function, within the Fad-
deev and variational approaches, from which the nuclear
structure function will be calculated.
1. Faddeev equations
A full description of the calculation of the Faddeev wave
function used here has been given in Ref. @47#. We therefore
only briefly outline the calculation here. We work in momen-
tum space using a separable potential, which further simpli-
fies the computation @52#. The wave function is written as a
sum of so-called ‘‘Faddeev components’’ @53,54#:
uC&5uwa&1uwb&1uwg&5$e1~abg!1~agb!%uwg&,
~32!
where a , b , and g are indices running from 1 to 3 ~with a
ÞbÞg). In this equation ‘‘e’’ is the neutral element of the
permutation group of three objects, and ‘‘(abg)’’ and
‘‘(agb)’’ are cyclic permutations. uwa& is referred to as the
‘‘Faddeev component’’ of the wave function in which the
spectators to the nucleon a interact last @55#.
Using the symmetry properties of the wave function ~see,
e.g., Refs. @47,54#!, one writes a set of coupled equations for
the Faddeev components:
uwa&5G0ta~ uwb&1uwg&), ~33!
where ta is the usual t matrix defined by the Lippmann-
Schwinger equation:
ta~E !5Va1VaG0~E !ta~E !5~12G0~E !Va!21Va ,
~34!
with G0(E)5(E2H0)21 and Va the interaction between
particles b and g . From these expressions one can derive a
set of homogeneous Faddeev equations for the spectator
function J @56#,03520J
Na
~pa!52 (
Na8Nb
t
NaNa8
~E ,pa!E
0
1‘
dpbpb
2
3Z
Na8Nb
~E ,pa ,pb!JNb~
pb!, ~35!
where Z is the kernel of the integral equation, and the matrix
tNaNa8 is related to the t matrix by
tnana8~E !5ugna&tnana8~E !^gna8 u. ~36!
Here, a three-nucleon channel is denoted by an index Na and
a two-nucleon channel by an index na . The form factor gna
is defined by the form of the separable potential. Details of
the computation of the t matrix and the kernel are given in
Refs. @54,57# and @47,57,58#, respectively.
The relevance of the spectator function becomes clear if
one considers the relation between J and wa :
^VNa
JI uwa&52G0~E !ugNa&uJNa&, ~37!
where uVNa
JI & is the angular element of our partial wave de-
composition for isospin I and spin J. The homogeneous
equation ~35! then enables one to compute the contribution
from one of the Faddeev components to the total wave func-
tion. The total wave function relative to the decomposition in
the uVNa
JI & partial wave also requires the contributions
^VNa
JI uwb& and ^VNa
JI uwg&. Since one has a system of identi-
cal particles, these two contributions are equal for obvious
reasons of symmetry. Details of the computation of this con-
tribution can be found in Ref. @47#.
To examine the model dependence of the distribution
function we use several different potentials, namely, the
‘‘EST’’ ~Ernst-Shakin-Thaler! separable approximation to the
Paris potential @59# ~referred to as ‘‘PEST’’!, the unitary pole
approximation @60# to the Reid soft core ~RSC! potential
@61#, and the Yamaguchi potential @62# with 7% mixing be-
tween 3S1 and 3D1 waves. The homogeneous Faddeev equa-
tion was solved with five channels for both potentials. The
results for the trinucleon binding energies are 27.266 MeV
~PEST! and 28.047 MeV ~Yamaguchi!, which differ by
;14% and ;5%, respectively, from the experimental 3H
binding energy of 28.482 MeV ~one expects the binding
energy from this trinucleon calculation to be closer to the
experimental 3H binding energy than 3He, since one does
not expect Coulomb corrections for 3H!.
The issue of the binding energy is well known, and this
result is consistent with what one usually expects when the
Coulomb interaction is switched off. To estimate the effect of
neglecting the Coulomb interaction in 3He and at the same
time correct the long range part of the three-body wave func-
tion due to the change in the binding energy, we have modi-
fied the 1S0 potential in 3He and 3H to reproduce their re-
spective experimental energies. This leaves the 3S1 –3D1
interaction responsible for the formation of the deuteron un-
changed, and introduces a rather strong charge-symmetry
breaking in the system. This approximation distributes the
symmetry breaking effects of the Coulomb interaction1-6
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should only arise from the difference between pp and np
interactions. It therefore represents an overestimate of any
charge-symmetry breaking effects, since one attributes to
charge-symmetry breaking an effect which should partly
come from three-body forces. However, this simple modifi-
cation to the 1S0 interaction will allow us to study explicitly
the possible effects on the deep inelastic structure functions
associated with the differences in the binding energies of
3He and 3H.
2. Variational approach
In the variational approach one writes the overlap integral
in coordinate space, G f o(rW), Eq. ~20!, as
G f o~rW !5NE d3rW c2f ~rW !c3i ~rW ,rW !, ~38!
where N is a normalization factor; c2f (rW ) and c3i (rW ,rW ) are
the wave functions with eigenvalue E2
f for the spectator two-
body system and with eigenvalue E3 for the initial three-
body system, respectively; f [(J f ,M f ,S f ,l) represents the
quantum numbers of the spectator system, l specifying the
tensor coupled states at high energy and momentum and i
[(1/2,M ); and rW and rW are the intrinsic coordinates for the
three body system @63#.
The three-body wave function is found by diagonalization
of the intrinsic nuclear Hamiltonian using an LS coupling
scheme, and the basis
ufK&5u~Ll !L ,~S 12 !S; 12 M &, ~39!
where L and l refer to two sets of harmonic oscillator wave
functions with different harmonic oscillator parameters @64#.
The wave function is then written schematically as
c3
i ~rW ,r!5(
K
ufK& , ~40!
where the relevant components are the ones with L50 and
L52. All calculations using the variational method outlined
here have been performed using the RSC @61# interaction.
The two-body spectator wave function describes either a
deuteron, c2
f (rW)[cd(rW) ~two-body channel! or an interact-
ing nucleon pair ~three-body channel!. The corresponding
quantum numbers and ground state energy values are f
[(1,M J,1) and E2f 522.23 MeV ~two-body channel!; f
[(J ,M J ,S ,l) and E2f .0 ~three-body channel!. The three-
body channel wave function calculated in Ref. @49# considers
states up to J55, using the RSC interaction up to J52. For
higher values of J, the interaction among the two nucleons is
assumed to be negligible.
Analogous issues, such as for the Faddeev calculations
outlined above, are present in the variational approach,
namely, discrepancies in the theoretical values of the binding
energy depending on the type of potential, the accurate han-03520dling of Coulomb effects, and the possible presence of
charge-symmetry breaking effects. These issues are exam-
ined quantitatively in Sec. IV.
C. Nucleon momentum distributions
Before proceeding to the evaluation of the structure func-
tions in terms of the nuclear spectral functions, we first re-
view some general features of the spectral functions and
light-cone momentum distribution f (y).
The relevant features of the 3He spectral function are
given as follows.
~i! A pronounced peak at E52 MeV, corresponding to
the case in which the spectator deuteron recoils.
~ii! Some strength extending to high values of the energy
and momentum (p*300 MeV), but lying at least three or-
ders of magnitude below the peak. The high momentum and
energy part of the spectral function is given almost entirely
by the short range part of the nucleon-nucleon interaction
which is actually responsible for breakup configurations of
the spectator system. In heavier nuclei these components can
be calculated using two-nucleon correlations, as described by
Ciofi degli Atti et al. @65#.
The function f (y) reflects the features of the spectral
function described above. Namely, it has a sharp peak in the
vicinity of y51, ypeak’12^E&/M ~modulo spectator recoil
corrections, see below!, and some strength away from ypeak
is present which integrates to a considerable fraction of the
total strength. For the proton, all the distributions have a
similar shape and peak value, however, for the neutron the
variational distribution peaks at slightly smaller y and has a
larger tail than the Faddeev. The origin of this is the larger
momentum components in the deuteron spectator part of the
neutron distribution in the variational distribution than in the
corresponding Faddeev distribution.
The main contribution of f (y) in the convolution formula
is from its values around ypeak , namely, one can write
F2
A~x ,Q2!’F2N~x/y peak ,Q2!,F2N~x ,Q2!. ~41!
Since F2
N is a decreasing function of x in the interval 0.2
&x&0.6, this gives rise to the depletion in the EMC ratio,
F2
A/F2
N
. At larger x, the EMC ratio rises above unity because
of the different kinematic boundaries affecting the smearing;
namely, using the asymptotic convolution formula, the kine-
matic thresholds for the free nucleon, the deuteron, and A
53 nuclei are located at x51, x52, and x53, respectively.
In summary, the EMC effect at intermediate values of x
(0.2<x<0.65) is determined almost entirely by the average
values of the removal and kinetic energies, Eq. ~41! and Eq.
~12!. At larger values of x, the approximations Eq. ~41! and
Eq. ~12! start breaking down, and the EMC effect is directly
sensitive to the large energy and momentum components of
the spectral function.
Note also that f (y) can be translated easily into the
‘‘Y -scaling’’ function F(Y ) @66#, extracted from quasielastic
scattering. The variable Y is given in terms of y and the
nucleon and nuclear masses as Y5(1/2)@M A2My)2
2M A21
2 ]/(M A2My), which allows one to relate F(Y )1-7
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elastic scattering are given directly in terms of f (y), so that
quasielastic data can be used in addition to constrain models
of nuclear dynamics. A quantitative description, however, of
quasielastic scattering requires additional contributions be-
yond the impulse approximation, such as from meson-
exchange currents, which do not contribute in deep inelastic
scattering. In our analysis we use distributions which are
consistent with those used in standard analyses of quasielas-
tic scattering data.
D. EMC effect in A˜3 nuclei
Before proceeding to the calculation of the ratio R of the
EMC effects in 3He and 3H, and the associated sensitivity of
the extracted F2
n/F2
p to R, we first discuss the predictions of
the conventional nuclear models for the absolute EMC ratios
and compare with available data.
As well as offering a relatively clean way to extract F2
n
from nuclear data, the A53 system is also a valuable labo-
ratory for testing models of the EMC effect for few-body
nuclei. Although the determination of F2
n/F2
p requires only
the ratio of 3He to 3H structure functions, data on the abso-
lute values of F2
3He and F2
3H can in addition fix the magnitude
of the EMC effect in A53 nuclei:
R~3He!5
F2
3He
F2
p~21F2
n/F2
puextr!
, ~42!
R~3H!5
F2
3H
F2
pt~112F2
n/F2
puextr!
. ~43!
Unfortunately, at present there are no data at all on the F2
3H
structure function, and only scant information on F2
3He is
available, from a recent HERMES measurement @17#, the
main focus of which was the low-x , low-Q2 region. Never-
theless, the available data can provide a useful check on the
calculation.
In Fig. 2 the ratio of the 3He to free-nucleon ~corrected
for nonisoscalarity! structure functions is shown for the Fad-
deev ~PEST! and variational wave functions, compared with
the HERMES data @17# on the ratio of s(3He)/@s(d)
1s(p)# . The difference between the solid and dashed
curves in Fig. 2 illustrates the effect on the ratio due to
possible nuclear corrections in deuterium. The various mod-
els predict qualitatively similar behavior for the ratio as a
function of x, with the magnitude of the depletion at x;0.5
20.7, ranging from ;2% in the variational approach to
;4% using the Faddeev wave functions. Within the rela-
tively large errors for x*0.4, the agreement between the
models and the experiment is reasonably good.
A similar behavior is found for the ratio of 3H to isoscalar
nucleon structure functions, illustrated in Fig. 3 for the Fad-
deev and variational calculations. The trough at x;0.6 in 3H
is predicted to be slightly deeper than that in 3He in all
models. The dependence on the input potential is negligible,
as the PEST and RSC Faddeev results illustrate. Data on 3H,03520and better quality data extending to larger x for 3He, would
clearly be of great value in constraining models of the EMC
effect in A53 nuclei.
IV. RATIO OF RATIOS
In this section we discuss the model dependence of the
ratio R of the 3He and 3H EMC ratios arising from uncer-
tainty in the nuclear wave function, the off-shell modifica-
tions of the nucleon structure function, and possible non-
nucleonic degrees of freedom in the A53 nuclei. While the
magnitude of the EMC effect in 3He and 3H was found in
the preceding section to differ by as much as several percent
at x&0.8 in different models, one expects the ratio of these
to be considerably less model dependent.
A. Nuclear wave function dependence
Using the light-cone momentum distributions described in
Sec. III, the ratio R5R(3He)/R(3H) of EMC ratios for 3He
0 0.2 0.4 0.6 0.8 1
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3
3He / (d+p)
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Faddeev (PEST)
R
(  H
e)
FIG. 2. Nuclear EMC ratio in 3He using the Faddeev ~with the
PEST potential! and variational ~RSC! wave functions, compared
with HERMES data @17# for s(3He)/@s(d)1s(p)# . The solid
curve corresponds to F2
3He/(F2d1F2p), while the dashed and dot-
dashed assume no EMC effect in the deuteron.
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FIG. 3. Nuclear EMC ratio in 3H using the Faddeev ~with PEST
and RSC potentials! and variational ~RSC! wave functions.1-8
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functions, namely, Faddeev with the PEST, RSC, and
Yamaguchi potentials, and variational using the RSC poten-
tial. ~Unless otherwise stated, in all cases the CTEQ5 param-
etrization @67# of parton distributions at Q2510 GeV2 will
be used for F2
N
.) The EMC effects are seen to mostly cancel
over a large range of x, out to x;0.8, with deviation from a
‘‘central value’’ R’1.01 to within 61%. The larger abso-
lute EMC effects in 3He and 3H predicted with the Faddeev
calculations in Figs. 2 and 3 are reflected in a larger devia-
tion of R from unity than with the variational wave func-
tions, as seen in the three Faddeev calculations in Fig. 4.
Furthermore, the dependence on the NN potential is very
weak. In practice, the exact shape of R will not be important
for the purposes of extracting F2
n/F2
p from the F2
3He/F2
3H ra-
tio; rather, it is essential that the model dependence of the
deviation of R from the central value should be small.
B. Charge-symmetry breaking
The ratio R in Fig. 4 was calculated using three-nucleon
wave functions neglecting the Coulomb interaction and
working in an isospin basis @68#. To estimate the effect of
neglecting the Coulomb interaction in 3He and at the same
time correct the long range part of the three-body wave func-
tion due to the change in the binding energy, we modify the
1S0 potential in the 3He and 3H to reproduce their respective
experimental energies. In this way, the 3S1-3D1 interaction
responsible for the formation of the deuteron is unchanged.
This approximation spreads the effect of the Coulomb inter-
action over both the pp and the np interaction in the 1S0
channel. To this extent, it shifts some of the Coulomb effects
in the neutron distribution in 3He to the proton distribution.
However, this simple modification to the 1S0 interaction al-
lows one to study explicitly the possible effects associated
with the differences in the binding energies of 3He and 3H.
The ratio R calculated with the Faddeev ~PEST! wave
function modified according to this prescription is shown in
Fig. 5 ~dashed curve!, compared with the charge-symmetric
0 0.2 0.4 0.6 0.8 1
0.99
1
1.01
1.02
x
R 3 R (  H)(  He) / 3
PEST
RSC
Yam.
variational
Faddeev
FIG. 4. Ratio R of nuclear EMC ratios for 3He and 3H nuclei,
with the nucleon momentum distribution calculated from the Fad-
deev ~PEST, RSC, and Yamaguchi! and variational ~RSC! wave
functions.03520result ~solid!. The effect of this modification is a shift of
&0.5% in R, maximal at x;0.65. The effects of charge-
symmetry breaking therefore still leave a ratio which devi-
ates from unity by &2%.
C. Finite Q2 effects
The structure function ratios discussed above are calcu-
lated assuming leading twist dominance of the nucleon struc-
ture function at Q2510 GeV2. At finite Q2 there will be
contributions from both the kinematic factor F in the inelas-
tic structure function, Eq. ~6!, and from higher twist
(}1/Q2) effects, including quasielastic scattering from the
bound nucleon, which may not be negligible at large x @69#.
To illustrate the impact of these finite-Q2 effects on the ratio
R, in Fig. 6 we show the ratio at several values of Q2 (Q2
54 GeV2 and 20 GeV2) together with the asymptotic result
(F→1). To facilitate the comparison, all curves have been
0 0.2 0.4 0.6 0.8 1
0.99
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R 3 R (  H)(  He) / 3
Faddeev
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PEST+CSB
FIG. 5. Ratio of nuclear EMC ratios for 3He and 3H for the
Faddeev ~PEST! wave function, with ~dashed! and without ~solid!
charge-symmetry breaking ~CSB! effects.
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FIG. 6. Q2 dependence of the ratio R of 3He and 3H nuclear
EMC ratios for the variational wave functions with the RSC poten-
tial. Results using the full Q2 dependence in Eq. ~6! at Q2
54 GeV2 ~dashed! and Q2520 GeV2 ~dot-dashed! are compared
with the asymptotic prediction ~solid!, and at varying Q2 ~filled
circles! ranging from Q253 GeV2 for the lowest x bin to Q2
514 GeV2 at the highest-x bin. The effect of the quasielastic con-
tribution ~DIS1QE! at Q254 GeV2 is also indicated.1-9
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points denoted by bullets correspond to values of x and Q2
that would be relevant for kinematics at a 12-GeV Jefferson
Lab facility @13# ~see Sec. V and Table I below!, for which
Q2 varies from Q253 GeV2 in the lowest-x bin to Q2
514 GeV2 in the highest-x(’0.8) bin. The effect of the Q2
dependence is clearly rather modest.
The role of quasielastic scattering is illustrated by the
dashed curve in Fig. 6 for Q254 GeV2. For x&0.8, the
quasielastic contribution is negligible for the relevant kine-
matics, with a correction of the order of 1% at x50.8. At the
largest values of x, for instance, where Q2514 GeV2, we
have checked that the quasielastic contribution is suppressed.
Its effect does start to become important, however, for x
*0.85 at fixed Q2&5 GeV2, as can be seen from the wiggle
produced in the dashed curve in Fig. 6.
To test the sensitivity of R to higher twist corrections, we
compute the ratio using the fit to the total F2 structure func-
tion from Donnachie and Landshoff ~DL! @70#, which in-
cludes both leading and subleading effects in 1/Q2. The dif-
ference between the leading twist only and the leading plus
higher twist ~HT! curves, represented by the lower and upper
dashed curves in Fig. 7 @‘‘DL’’ and ‘‘DL~HT!,’’ respectively#,
is negligible for x&0.8, increasing to ;1% at x;0.85. The
size of the higher twist corrections can be determined by
taking measurements at several values of Q2 and observing
any 1/Q2 dependence of the structure function. In particular,
since the Q2 dependence of F2p has been measured in a num-
ber of earlier experiments @71#, the Q2 dependence of the
extracted F2
n/F2
p ratio can be used to separate the leading
twist from the nonleading twist components of F2
n @72#.
D. Iteration procedure
The dependence of R on different input nucleon structure
function parametrizations is illustrated in Fig. 7, where sev-
eral representative parton distribution function fits are given
at Q2510 GeV2. Apart from the standard CTEQ fit ~solid!,
the results for the GRV @73# ~dot-dashed!, DL @70# ~dashed!,
and BBS @74# ~dotted! parametrizations are also shown ~the
latter at Q254 GeV2). For x&0.6, there is little dependence
(&0.5%) in the ratio on the structure function input. For
0.6&x&0.85 the dependence is greater, but still with
&61% deviation away from the central value R’1.01. The
spread in this region is due mainly to the poor knowledge of
the neutron structure function at large x. Beyond x’0.85
there are few data in the deep inelastic region on either the
neutron or proton structure functions, so here both the d and
u quark distributions are poorly determined.
A standard assumption in most global fits of parton distri-
butions is that d/u→0 as x→1. This assumption has re-
cently been questioned on theoretical and phenomenological
grounds @6,9#. The BBS parametrization @74#, on the other
hand, incorporates constraints from perturbative QCD, and
forces d/u→0.2 as x→1 @23#. The effect of the different
large-x behavior of the d quark is apparent only for x
*0.85, where it gives a difference of ;1 –2 % in R com-
pared with the fits in which d/u→0. One can also modify
the standard CTEQ fit, for example, by applying a correction035201factor @9# to enforce d/u→0.2. However, this also produces
differences in R which are &2% for x,0.9.
Despite the seemingly strong dependence on the nucleon
structure function input at very large x, this dependence is
actually artificial. In practice, once the ratio F2
3He/F2
3H is
measured, one can employ an iterative procedure to elimi-
nate the dependence altogether @14,75,76#. Namely, after ex-
tracting F2
n/F2
p from the data using some calculated R, the
extracted F2
n can then be used to compute a new R, which is
then used to extract a new and better value of F2
n/F2
p
. This
procedure is iterated until convergence is achieved and a
self-consistent solution for the extracted F2
n/F2
p and R is ob-
tained. The results of this procedure are shown in Fig. 8 for
different numbers of iterations using as input F2
n/F2
p51. The
convergence is relatively rapid—by the third iteration the
extracted function is almost indistinguishable from the exact
result. Although the effect on R from the present lack of
knowledge of the nucleon structure function is &2% for x
&0.85, this uncertainty can in principle be eliminated alto-
gether via iteration, so that the only model dependence of R
will be from the nuclear interaction in the A53 nucleus.
Of course, the accuracy of the iteration procedure is only
as good as the reliability of the formalism in Sec. III used to
calculate the nuclear structure functions. As pointed out in
Ref. @77#, large corrections to the smearing expression ~6!
could lead to inaccuracies in the extracted F2
n/F2
p ratio. In
particular, it was argued @77# that strong isospin-dependent
off-shell effects could give significantly larger deviations of
R from unity than that found in Refs. @14,75#. In the follow-
ing we shall carefully examine the issue of off-shell effects
in A53 nuclei and their effect on the R ratio.
E. Nucleon off-shell deformation
The derivation of the convolution approximation in Eq.
~8! assumes that the nucleon off-shell dependence in the
bound nucleon structure function in Eq. ~6! is negligible. In
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FIG. 7. Ratio of nuclear EMC ratios for 3He and 3H with
the the Faddeev ~PEST! wave functions, for various nucleon
structure function parametrizations: CTEQ @67#, GRV @73#, BBS
@74#, and DL @70# with leading twist only, and with higher twist
~HT! correction.-10
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The off-shell dependence of F2
N is, as a matter of principle,
not measurable, since one can always redefine the nuclear
spectral function to absorb any p2 dependence in the bound
nucleon structure function. However, off-shell effects can be
identified once a particular form of the interaction of a
nucleon with the surrounding nuclear medium is specified.
The discussion of off-shell modification of the nucleon struc-
ture function in the nuclear medium is therefore understood
to be within the framework of the nuclear spectral functions
defined in Sec. III.
In convolution models, off-shell corrections can arise both
kinematically, through the transverse motion of the nucleon
in the nucleus, and dynamically, from modifications of the
bound nucleon’s internal structure. Kinematical off-shell ef-
fects are essentially model independent, as discussed in Ref.
@35#, while dynamical off-shell effects do depend on descrip-
tions of the intrinsic deformation of the bound nucleon struc-
ture and are therefore model dependent. The latter have been
modeled, for instance, in a covariant spectator model @33#, in
which the DIS from a bound nucleon is described in terms of
relativistic vertex functions which parametrize the nucleon-
quark-spectator ‘‘diquark’’ interaction. The dependence of
the vertex functions on the quark momentum and the diquark
energy is constrained by fitting to the on-shell nucleon ~pro-
ton! structure function data, while the additional dependence
on the virtuality of the off-shell nucleon can be constrained
by comparing the calculated nuclear structure function with
the inclusive F2
A data.
Taking the nucleon’s off-shellness into account, the bound
nucleon structure function in Eq. ~8! can be generalized to
@33,35,46#
F2
A~x ,Q2!5E dyE dp2w~y ,p2,Q2!F2N~x8,p2,Q2!,
~44!
where x85x/y and the function w(y ,p2,Q2) depends on the
nuclear wave functions. In the absence of p2 dependence in
F2
N
, the light-cone momentum distribution f (y ,Q2) in Eq.
~8! would correspond to the p2 integral of w(y ,p2,Q2). In
the approach of Ref. @35#, the medium modified nucleon
FIG. 8. Neutron to proton structure function ratio extracted from
the F2
3He/F2
3H ratio via the iteration procedure. The input is F2
n/F2
p
51, and the ratio after ;3 iterations is indistinguishable from the
exact result.035201structure function F2
N(x8,p2,Q2) can be evaluated in terms
of a relativistic quark spectral function rN as
F2
N~x8,p2,Q2!5
x82
12x8
(
X
E
kmin
2
dk2
4~2p!3
rN~k2~p !,pX
2 !,
~45!
where rN depends on the virtualities of the struck quark, k2,
and spectator system, pX
2
, and the limit kmin5kmin(x8,p2,pX2)
follows from the positivity constraint on the struck quark’s
transverse momentum k’
2 >0. The dependence of kmin on p2
(ÞM 2) generates an off-shell correction which grows with A
due to the A dependence of the virtuality p2 of the bound
nucleon. This serves to enhance the EMC effect at large x in
comparison with naive binding model calculations which do
not take into account nucleon off-shell effects @45#. Assum-
ing that the spectator quarks can be treated as a single system
with a variable mass mX
2
, the off-shell structure function in
Eq. ~45! can be related to the on-shell function by a
p2-dependent rescaling of the argument x8, namely @35#,
F2
N~x8!up2ÞM2→F2N~x8~p2!.x8!up25M2. ~46!
It is this ~further! rescaling in x that is responsible for the
larger effect at large x.
The effect of the off-shell correction on the ratio R, illus-
trated in Fig. 9, is a small (&1%) increase in the ratio at x
;0.6. Off-shell effects of this magnitude can be expected in
models of the EMC effect where the overall modification of
the nuclear structure function arises from a combination of
conventional nuclear physics phenomena associated with
nuclear binding, and a small medium dependence of the
nucleon’s intrinsic structure @1,33,46,78#.
Other models of the EMC effect, such as the color screen-
ing model for suppression of pointlike configurations ~PLC!
in bound nucleons @79#, attribute most or all of the EMC
effect to a medium modification of the internal structure of
the bound nucleon, and consequently predict larger devia-
tions of R from unity @77#. However, recent 4He(eW ,e8pW )
polarization transfer experiments @80# indicate that the mag-
nitude of the off-shell deformation is indeed rather small.
The measured ratio of transverse to longitudinal polarization
of the ejected protons in these experiments can be related to
the medium modification of the electric to magnetic elastic
form factor ratio. Using model-independent relations derived
from quark-hadron duality, the medium modifications in the
form factors were related to a modification at large x of the
deep inelastic structure function of the bound nucleon in Ref.
@81#. In 4He, for instance, the effect in the PLC suppression
model was found @81# to be an order of magnitude larger
than that allowed by the data @80#, and with a different sign
for x*0.65. The results therefore place rather strong con-
straints on the size of the medium modification of the struc-
ture of the nucleon, suggesting little room for large off-shell
corrections, and support a conventional nuclear physics de-
scription of the 3He/3H system as a reliable starting point for
nuclear structure function calculations.-11
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The nuclear density model, which has proven successful
for studying the A dependence of the EMC effect for heavy
nuclei, stems from the empirical observation that for heavy
nuclei the deviation from unity in the EMC ratio R(A) is
assumed to scale with nuclear density @4#:
R~A1!21
R~A2!21
5
r~A1!
r~A2!
, ~47!
where r(A)53A/(4pRA3 ) is the mean nuclear density and
RA
2 5(5/3)^r2&A . Whether the concept of density is physi-
cally meaningful for a few-body system such as a 3He
nucleus is rather questionable @82#. However, one can use the
density extrapolation ansatz to investigate the range of pre-
dictions for R, and estimate the total theoretical uncertainty.
From the empirical A53 charge radii @83#, one finds that
r(3H)/r(3He)’140%, so that the EMC effect in 3H is pre-
dicted to be 40% larger than in 3He. However, as shown in
Fig. 10, assuming that R(3He) can be extrapolated from the
measured EMC ratios for heavy nuclei such as 56Fe, one still
finds that the ratio uR21u,2% for all x&0.85. The x de-
pendence predicted by density extrapolation method lies ap-
proximately between that using the standard Faddeev and
variational techniques for 0.5&x&0.85.
G. Six-quark clusters
While most of the medium modification of the nuclear
structure function at large x can be described in terms of
incoherent scattering from bound nucleons, other effects in-
volving explicit quark degrees of freedom have been sug-
gested as possible sources of EMC-type modifications. In
particular, at short nucleon-nucleon separations the effects of
quark exchange could be more prominent. Corrections to the
impulse approximation arising from the exchange of quarks
between nucleons in A53 nuclei were in fact discussed in
Ref. @84# ~see also Ref. @85#!. There the effect on the EMC
ratio, for the isospin-averaged A53 nucleus, was found to be
comparable to that arising from binding. However, the analy-
sis @84# did not allow for NN correlations, which are impor-
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FIG. 9. Ratio R of nuclear EMC ratios for 3He and 3H nuclei,
with ~dashed! and without ~solid! nucleon off-shell corrections @35#
~see text!, for the variational ~RSC! wave function.035201tant at large momentum ~and hence large x), so that the
overall EMC effect is likely to have been overestimated.
The effects of quarks which are not localized to single
nucleons can alternatively be parametrized in terms of mul-
tiquark clusters, in which six ~or more! quarks form color
singlets inside nuclei @86#. Six-quark configurations in the
deuteron and other nuclei have been studied in a variety of
observables, including nuclear electromagnetic form factors,
NN scattering, as well as the EMC effect. To test the possible
role of quark exchange on the ratio R, we consider the effect
of six-quark clusters on 3He and 3H structure functions
~contributions from nine-quark clusters are presumably small
compared with those from six-quark states!. Although nei-
ther the normalization of the six-quark component of the A
53 wave function nor its momentum distribution is
known,one can nevertheless estimate their potential impor-
tance by examining the effect on R for a range of param-
eters.
Following Ref. @86#, contributions from scattering off
quarks in a six-quark cluster can be approximated by an ef-
fective six-quark structure function F2
6q(x6q) in the nucleus,
where x6q5Q2/2M 6qn’x/2. If P6q is the probability of
finding a six-quark cluster in the nucleus, the net effect on
the 3He ~and similarly 3H) structure function can be ap-
proximated by
F2
3He→~12P6q!F2
3He1P6qF2
6q
, ~48!
where F2
3He is the incoherent nucleon contribution. Taking a
typical valence-like shape for F2
6q
, with the large-x behavior
constrained by hadron helicity counting rules, F2
6q;(1
2x6q)9, the effect on R is shown in Fig. 11 for P6q50%,
2%, and 4%. The overall effect is &1% for all x&0.85 even
for the largest six-quark probability considered. For larger
values of P6q deviation from unity is in fact even smaller,
canceling some of the effects associated with nucleon off-
shell dependence, for instance. We have also considered
other six-quark structure functions, and while there is some
sensitivity to the exact shape of F2
6q
, the ;1% effect on R
appears to be an approximate upper limit for all x.
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FIG. 10. Ratio of nuclear EMC ratios for 3He and 3H for the
density extrapolation model, compared with the standard Faddeev
~PEST! and variational ~RSC! wave functions.-12
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Measurements of the nucleon structure functions have
been performed at several accelerator laboratories over the
past 35 years. The highest-x measurements using proton and
deuteron targets were part of the historic Stanford SLAC-
MIT experiments of the late 1960s and early 1970s @87#. The
natural place to continue studies of the nucleon and nuclear
structure functions at high x and moderate Q2 is Jefferson
Lab ~JLab! with its high intensity electron accelerator and
large acceptance spectrometer facilities. The proposed en-
ergy upgrade @16# of the continuous electron beam accelera-
tor of JLab will offer a unique opportunity to perform elec-
tron deep inelastic scattering studies off the A53 system, as
has been recently proposed @88,89#. The proposal calls for
precise measurements of the 3He and 3H inelastic cross sec-
tions, under identical conditions, using an 11-GeV upgraded
electron beam of JLab and the Hall A Facility of JLab. The
inelastic electron-nucleus cross section is given in terms of
the unpolarized structure functions F1 and F2 by
s[
d2s
dVdE8
~Eo ,E8,u!
5
4a2~E8!2
Q4 cos
2~u/2!FF2A~n ,Q2!n 1 2F1
A~n ,Q2!
M A
tan2~u/2!G ,
~49!
where a is the fine structure constant, Eo is the incident
electron energy, E8 and u are the scattered electron energy
and angle, n5Eo2E8 is the energy transfer, and M A is the
nuclear mass.
The structure functions F1
A and F2
A are connected through
the ratio RA5sL
A/sT
A by
F1
A5
F2
A~11Q2/n2!
2x~11RA! , ~50!
where sL
A and sT
A are the nuclear virtual photoabsorption
cross sections for longitudinally and transversely polarized
photons. The ratio RA has been measured to be independent
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FIG. 11. Ratio of nuclear EMC ratios for 3He and 3H for the
Faddeev ~PEST! wave function, with P6q50%, 2%, and 4% six-
quark configurations in the A53 wave function.035201of the mass number A in precise SLAC and CERN measure-
ments using hydrogen, deuterium, iron, and other nuclei ~for
a compilation of data, see Ref. @1#!.
By performing the tritium and helium measurements, un-
der identical conditions using the same incident beam and
scattered electron detection system configurations ~same Eo ,
E8 and u), and assuming that the ratio RA is the same for
both nuclei, the ratio of the inelastic cross sections for the
two nuclei provides a direct measurement of the ratio of the
F2 structure functions:
s
3H ~Eo ,E8,u!
s
3He~Eo ,E8,u!
5
F2
3H ~n ,Q2!
F2
3He~n ,Q2!
. ~51!
The key issue for this experiment will be the availability
of a high density tritium target planned for the Hall A Facil-
ity of JLab @90#. Tritium targets have been used in the past to
measure the elastic form factors of 3H at Saclay @91# and
MIT-Bates @92#. The Saclay target contained liquid 3H at 22
K and was able to tolerate beam currents up to 10 mA with
very well understood beam-induced density changes. The
nominal tritium density of 0.271 g/cm3 at the operating con-
ditions of this target was known, from actual density mea-
surements, to 60.5% accuracy. The MIT-Bates target con-
tained 3H gas at 45 K and 15 atm, and was able to tolerate
beam currents up to 25 mA with small measurable beam-
induced density changes. The tritium density, under these
operating conditions, was determined to be 0.218 mg/cm2
with 62% uncertainty, using the virial formalism for hydro-
gen.
Given a high density tritium target, an entire program of
elastic, quasielastic, and inelastic measurements will be pos-
sible at JLab. This program can be better accomplished by
building a target similar to the one used at MIT-Bates ~the
cooling mechanism of a target similar to the Saclay one
would prevent coincidence measurements!. The tritium den-
sity can be better determined from comparison of the elastic
cross section measured with the 45 K/15 atm cell and a cell
filled up with tritium at higher temperatures ~ideal gas of
known density!. Two more cells will also be necessary for
the 3He measurements.
The large solid angle and the wide kinematical coverage
of the proposed medium acceptance device ~MAD! Hall A
spectrometer @93# will facilitate precise inelastic cross sec-
tion measurements ~statistical errors of <60.25%) in a
large x range as well as valuable systematics checks using
reasonably short amounts of beam time. An important sys-
tematic check would be the confirmation that the ratio R is
the same for 3H and 3He. The performance of the above
spectrometer is expected to be comparable, if not better, to
that of the SLAC 8 GeV/c spectrometer @27# that has pro-
vided precise measurements for absolute inelastic cross sec-
tions, inelastic cross section ratios, and differences in R for
several nuclei @94–96#. The overall systematic errors for
these measurements have been typically 62%, 60.5%, and
60.01%, respectively. Since the objective of the experiment
is the measurement of cross section ratios rather than abso-
lute cross sections, many of the experimental errors that-13
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mental uncertainties on the ratio of cross sections should be
similar to those achieved by SLAC experiments E139 @94#
and E140 @95,96#, which were typically around 60.5%.
Deep inelastic scattering with an upgraded 11-GeV JLab
electron beam can provide measurements for the 3H and 3He
F2 structure functions in x ranging from 0.10 to 0.82. The
electron scattering angle will range from 12° to 47° and the
electron scattered energy from 1.0 to 6.0 GeV. It is assumed
that the MAD spectrometer system will be instrumented with
a threshold gas Cˇ erenkov counter and a segmented lead-glass
calorimeter, which will provide discrimination between scat-
TABLE I. Kinematics of the proposed JLab experiment @88,89#
on the measurement of the F2
n/F2
p ratio using 3H and 3He targets for
an incident electron energy of 11 GeV ~see text!. The parameter W2
is the invariant mass of the final hadronic state. The last column is
the estimated ratio of the pion background to the scattered electron
signal.
W2 Q2 E8 u
x (GeV/c)2 (GeV/c)2 ~GeV! ~deg! p/e
0.82 4.0 13.8 2.00 46.6 52
0.77 4.7 12.9 2.10 43.8 43
0.72 5.5 11.9 2.20 41.0 36
0.67 6.2 10.9 2.35 37.8 27
0.62 6.9 9.8 2.55 34.4 19
0.57 7.6 8.9 2.65 32.1 19
0.52 8.3 8.1 2.75 29.9 18
0.47 9.0 7.2 2.85 27.7 19
0.42 9.6 6.3 3.00 25.2 18
0.37 10.2 5.5 3.10 23.1 19
0.32 10.7 4.6 3.30 20.6 18
0.27 11.2 3.8 3.50 18.1 18
0.22 11.6 3.0 3.65 15.8 19035201tered electrons and an associated hadronic ~mostly pion!
background. The above two-counter combination has pro-
vided in the past a pion rejection factor of at least 10 000 to
1 @95# that has allowed inelastic cross section measurements
with negligible pion contamination for cases where the ratio
of pion background to electron signal (p/e) was as large as
300. The expected p/e ratio for this experiment has been
estimated using SLAC data from measurements of photon-
nucleon cross sections @97# and is less than 300. The esti-
mated p/e ratios are given in Table I along with the kine-
matical parameters for the proposed ‘‘core’’ set of
measurements of the ratio F2
3H/F2
3He up to x50.82.
The estimated inelastic cross sections, counting rates, and
the beam time required for the above measurements are
given in Table II, assuming 3H and 3He luminosities of
;531037 cm22 s21. The rates have been estimated under
the assumption that s
3He.sd1sp and s
3H.2sd2sp , us-
ing values for the proton (sp) and deuteron (sd) inelastic
cross sections and for the ratio R from the SLAC ‘‘global’’
analysis @3# of all available SLAC data. The rates are based
on the MAD design specifications and include an approxi-
mation of radiative effects. It is evident from the listed rates
that the proposed experiment will be able to provide very
high statistics data and perform necessary systematic studies
in a timely manner.
The 11-GeV beam and the momentum and angular range
of MAD will allow measurements of R in the same x range
as in the SLAC experiments by means of a Rosenbluth sepa-
ration versus e5@112(11n2/Q2)tan2(u/2)#21 ~the degree
of the longitudinal polarization of the virtual photon mediat-
ing the scattering!. The R measurements will be limited by
inherent systematics uncertainties rather than statistical un-
certainties as in the SLAC case. It is estimated that the R
measurements will require an amount of beam time compa-
rable to the one required for the core set of measurements
listed in Table II.TABLE II. Estimated values of the 3He and 3H inelastic cross sections for the kinematics of Table I,
expected scattered electron counting rates using JLab Hall A planned facilities ~see text!, and required
amounts of beam time for 60.25% cross section statistical uncertainties.
s3He s3H 3He rate 3H rate 3He time 3H time
x ~nb/sr/GeV! ~nb/sr/GeV! ~events/h! ~events/h! ~h! ~h!
0.82 0.0146 0.0117 1.553104 1.253104 10.3 12.8
0.77 0.0308 0.0240 3.553104 2.773104 4.5 5.8
0.72 0.0639 0.0491 8.013104 6.163104 2.0 2.6
0.67 0.130 0.0996 1.803105 1.383105 0.9 1.2
0.62 0.261 0.202 4.023105 3.123105 0.5 0.5
0.57 0.463 0.364 7.763105 6.103105 0.5 0.5
0.52 0.801 0.639 1.433106 1.143106 0.5 0.5
0.47 1.35 1.10 2.513106 2.043106 0.5 0.5
0.42 2.35 1.95 4.583106 3.803106 0.5 0.5
0.37 3.89 3.30 7.843106 6.653106 0.5 0.5
0.32 7.00 6.07 1.503107 1.303107 0.5 0.5
0.27 12.8 11.3 2.913107 2.583107 0.5 0.5
0.22 23.3 21.1 5.533107 5.013107 0.5 0.5-14
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3H/F2
3He ratio is expected to be dominated by ex-
perimental uncertainties that do not cancel in the inelastic
cross section ratio of 3H to 3He and by the theoretical un-
certainty in the calculation of the ratio R. Assuming that the
target densities can be known to the 60.5% level and that
the relative difference in the 3H and 3He radiative correc-
tions would be 60.5% as in Refs. @94,95#, the total experi-
mental error in the the inelastic cross section ratio of 3H to
3He should be ;61.0%. Such an error is comparable to a
realistic maximum theoretical uncertainty (;61% in the
vicinity of x50.8) in the calculation of the ratio R.
The quality of the expected F2
n/F2
p extracted values is
shown in Fig. 12. The two sets of data in this figure represent
the extreme possible values for the ratio F2
n/F2
p ~see Fig. 1!
and are indicative of the present uncertainties in the nuclear
corrections in the extraction of F2
n/F2
p from proton and deu-
terium inelastic scattering data. The shaded band represents
the projected uncertainty (6 one standard deviation error
band! of the proposed JLab measurement. The band assumes
a 61% overall systematic experimental error in the
measurement of the s
3H/s 3He ratio and a theoretical uncer-
tainty in R that increases linearly from 0% at x50 to 61%
at x50.82. The central value of the projected JLab band has
been arbitrarily chosen, for this comparison purpose, to fol-
low the trend obtained in the relativistic analysis of nuclear
FIG. 12. Two diverging extractions @3,27# ~see text and Fig. 1!
of the ratio F2
n/F2
p from the same SLAC data on inelastic proton and
deuteron scattering. The shaded band represents a 6 one standard
deviation error band for the proposed 3H and 3He JLab experiment
@88,89#. The central values of the band are chosen arbitrarily to
follow the trend of the analysis of the same data by Melnitchouk
and Thomas @6#.035201binding and Fermi motion of Ref. @6# ~see Fig. 1!. It is evi-
dent that the proposed measurement will be able to unques-
tionably distinguish between the present competing extrac-
tions of the F2
n/F2
p ratio from proton and deuterium inelastic
measurements, and determine its value with an unprec-
edented precision in an almost model-independent way.
A secondary goal of this proposed experiment would be
the precise determination of the EMC effect in 3H and 3He.
At the present time, the available SLAC and CERN data
allow for two equally compatible parametrizations @94# of
the EMC effect, within the achieved experimental uncertain-
ties. In the first parametrization, the EMC effect is param-
etrized versus the mass number A, and in the second one
versus the nuclear density r . While the two parametrizations
are indistinguishable for heavy nuclei, they predict quite dis-
tinct patterns for A53. The expected precision (61%) of
this experiment for the F2
3H/F2
3He ratio should easily allow to
distinguish between the two competing parametrizations.
VI. CONCLUSIONS
We have presented a comprehensive analysis of deep in-
elastic scattering from 3He and 3H nuclei, focusing in par-
ticular on the extraction of the free neutron structure function
at large x. We have demonstrated the effectiveness of using
the mirror symmetry of A53 nuclei to extract the ratio of the
neutron to proton structure functions, F2
n/F2
p
, free of nuclear
effects to &1 –2 % for all x&0.8. This is comparable with
the expected experimental errors for the simultaneous mea-
surement of 3He and 3H DIS cross sections at an energy-
upgraded Jefferson Lab, for instance.
The major theoretical uncertainty involved in the extrac-
tion is that associated with the nuclear wave functions of
3He and 3H. We have examined two independent methods
of calculating the nuclear spectral function, namely, by solv-
ing the Faddeev equations, and using a variational approach,
for a range of two-body interactions. The resulting structure
function ratios have been studied as a function of x and Q2
for various input nucleon structure function parametrizations.
By utilizing an iterative procedure, the dependence of the
extracted F2
n on input parametrizations can be effectively re-
moved altogether. We find that this procedure converges
quite rapidly, requiring only ;3 iterations.
We have also considered explicit charge-symmetry break-
ing effects in the nuclear wave functions, effects associated
with the medium modification of the bound nucleon structure
functions, as well as corrections to the impulse approxima-
tion arising from non-nucleonic degrees of freedom such as
six-quark clusters. In all cases consistent with existing
nuclear phenomenology we find that the nuclear effects in
the ratio R of 3He to 3H EMC ratios cancel to within 1–2 %
at the relevant kinematics, making this an extremely robust
method with which to extract the free-neutron structure func-
tion, and thus settle a ‘‘textbook’’ issue which has eluded a
definitive resolution for nearly three decades.
Once the F2
n/F2
p ratio is determined, one can combine the
free-proton and deuteron data to obtain the size of the EMC-15
I. R. AFNAN et al. PHYSICAL REVIEW C 68, 035201 ~2003!effect in the deuteron, which remains a source of contro-
versy, via
R~d !5
F2
d
F2
p~11F2
n/F2
puextr!
, ~52!
where F2
n/F2
puextr is the neutron to proton ratio extracted from
Eq. ~5!.
While the ratio R is not very sensitive to nuclear dynam-
ics in the A53 system, measurement of the absolute 3He to
3H cross sections will, on the other hand, enable one to
discriminate between different models. In particular, it will035201allow the completion of the empirical study of nuclear ef-
fects in deep inelastic scattering over the full range of mass
numbers.
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